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This research lays the groundwork for preparing graphene oxide (GO)-doped CaO nanocomposites for efficient antibacterial potential and dye degradation. The study aimed to reduce the recombination rate of the electron hole (e−/h+) of CaO and improve charge transfer. This issue can be minimized by doping high-surface area GO into CaO quantum dots (QDs). Herein, the one-pot co-precipitation technique has prepared various concentrations (1, 3, and 5 wt%) of GO-doped CaO. Characterization techniques were used to investigate optical, elemental analysis, microstructural, functional, and morphological properties. The addition of GO into QDs showed excellent catalytic activity (CA) to control sample CaO against methylene blue (MB) in basic and acidic media compared to the neutral media. The synergistic effect of morphological alternation attributed to an increase in the mechanism of CA upon doping. Various concentrations of GO to QDs promised remarkable bactericidal potency against Escherichia coli.
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1 INTRODUCTION
Water is a fundamental requirement and crucial for the survival of life. The exponential growth of the global population and industrialization has caused the excessive use of water reservoirs (Vanthana Sree et al., 2020). The increase in population has led to several issues in our daily lives; water is contaminated by population growth in different ways, resulting in a threat to the ecosystem, and dyes play a vital role in water pollution (Chakraborty et al., 2021). Hazardous organic dyes are regularly generated from various industries such as paper, leather, food, textiles, and cosmetics (Alzahrani et al., 2021). Every year production rate of dyes is 7 × 105 to 1 × 106 tons (Chakraborty et al., 2021). A considerable amount of water is required for dying in textile industries, and 50% of water is discharged containing dye contaminants. Reactive dyes and chemicals in wastewater are noxious, low biodegradable, and pose a major risk to the ecological system (Fatimah et al., 2011). The existence of these effluents could lead to destroying aquatic fauna and flora (Azad et al., 2015). Reactive dyes such as methylene blue (MB) possess the chemical formula C16H18N3SCl (319.85 g·mol−1), and heterocyclic aromatic molecular structure has genotoxic nature. On account of different concentrations of MB, numerous disorders have been determined, for instance, chest pain, hemolysis, vomiting, hypotension, and fever (Jing et al., 2014; Nguyen et al., 2021). Through conventional approaches, dye effluents are not easily degraded because benzene rings are present (Walter et al., 2010; Walter et al., 2011). To eliminate pollutants from the discharge water, different methodologies that include adsorption, membrane filtration, and ion exchange, including coagulation, have been adopted (Subramanian et al., 2022). These technologies are cheaper but need continuous maintenance (Nigam et al., 2000). Compared to the approaches mentioned previously, catalytic remediation has gained significant attraction because of its cost favorable, easily manageable, and beneficial properties to oxidize dangerous organics (Dou et al., 2020; Hassan et al., 2020). The financial cost of mastitis is substantial on dairy zones. This disease is produced by infectious organisms like fungi, bacteria, and viruses. Microbiological and chemical changes in milk are ascribed as the irritation in mammary tissues and connected to this illness (Bari et al., 2022). Mastitis is caused by most prevailing pathogens E. coli, coliform, and S. aureus (Bari et al., 2022).
Nanotechnology is growing momentously in advanced research and rises with the evolution of NPs with promised microbicidal potential against multidrug-resistant microbes, implying a route to oppose microbial mutation arch (Roy et al., 2019). Particles with sizes ranging from 1 to 100 nm are considered nanoparticles (NPs) (Fard et al., 2015). Compared to bulk materials, NPs are highly sensitive, possess astonishing surface ratio to mass, and present unique characteristics like electrical, magnetic, and thermal properties. NPs are categorized into nanowires, nanotubes (multi-walled and single-walled), metals, and metal oxides (ZnO, CeO2, TiO2, CaO, etc.) (Gedda et al., 2015; Singh et al., 2020). Currently, CaO NPs captivated the focus of researchers due to their application in biocidal and prospective utilization in industries like high temperature, gas sensors, superconductors, and solar cells (Singhal et al., 2011). CaO NPs are particularly effective against bacteria and can render microbial endotoxins inactive (Sawai, 2003; Wang et al., 2017). CaO NPs can be exploited as drug delivery agents in photo-thermal therapy (PTT), photodynamic therapy (PDT), and synaptic delivery of chemotherapeutic drugs manifest to their particular phase and optical features (Butt et al., 2015; Singh et al., 2020). A thin sheet of hexagonally arranged carbon atoms bonded by sp2 hybridization is known as graphene. It possesses allotropes such as GO and reduced graphene oxide (rGO) (Fan et al., 2021). Up to now, GO is a remarkable candidate to enhance semiconductors’ photo-induced response because of its exceptional biocompatibility, high adsorption, immense surface area, low Eg, thermal conductivity, and low density (Munawar et al., 2022). Increasing photocatalytic potency from GO-doped metal oxides helps in the antimicrobial mechanism by producing more ROS (Karthik et al., 2017).
In this research, we have prepared GO-doped CaO QDs, adopting a facile co-precipitation route. The study followed synthesized specimens to assess the MB removal and bactericidal behavior. Furthermore, the dopant-dependent properties of CaO were analyzed, employing a variety of characterizations.
2 EXPERIMENTAL DETAILS
2.1 Materials
Calcium chloride dehydrates (CaCl2.2H2O, 99%), sodium hydroxide (NaOH, 98%), graphite powder (99%), and sodium nitrate (NaNO3, 99.9%) were procured from Sigma-Aldrich. Sulfuric acid (H2SO4, 37%) and phosphoric acid (H3PO4) were obtained from Analar. Potassium permanganate (KMnO4, 99%) and hydrochloric acid (HCl) were acquired from Merck. All reagents were utilized without additional purification.
2.2 Synthesis of graphene oxide (GO)
GO was synthesized from refined graphite via the modified Hummer method (Zaaba et al., 2017). Initially, graphite (5 g) and NaNO3 (2.25 g) were incorporated in H2SO4 (108 mL) with H3PO4 (12 mL), and the resultant mixture was vigorously stirred for 10 min in a reaction flask immersed in an ice bath. Subsequently, the filtrate solution was poured into a muffle furnace for 120 min at 60 °C to remove moisture. Then, KMnO4 (15 g) was introduced at > 5 °C gradually, and under strong stirring, the solution color turned from purple to yellow. In addition, 12 mL H2O2 was inserted and the solution was centrifuged at 7,000 rpm for 7 min and repeatedly washed with DI water and HCl to obtain the residue. Accumulation was carried out for 12 h, and powder was achieved by grinding, as shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Schematic representation of GO synthesis and (B) GO-doped CaO QDs.
2.3 Synthesis of GO-doped CaO QDs
To prepare CaO, an economically promising technique, co-precipitation, was proposed. First, 0.5 M of CaCl2.2H2O was prepared under constant stirring. After 30 min, a colloidal solution was formed, and 1 M of NaOH was introduced drop by drop to maintain pH ∼12 of the colloidal solution. The obtained precipitates from the colloidal solution were centrifuged (at 7,000 rpm for 7 min) twice with DI water to remove chloride and sodium impurities from the product and dried overnight at 70 °C. By adopting the aforementioned procedure, various concentrations (1, 3, and 5 wt%) of GO were doped into CaO solution and were synthesized and ground to achieve fine powder (Figure 1B).
2.4 Catalytic activity (CA)
Herein, CA has been employed to examine the degradation performance of MB in the presence of sodium borohydride (NaBH4) and synthesized nanocatalysts (NCs). Initially, a solution of MB with a concentration of 10 g per 1000 mL was synthesized under robust stirring in a dark environment for 30 min. Then, 0.1 M stock solution of NaBH4 was prepared, and ∼400 μL of NaBH4 solution was incorporated into the 3 mL aqueous solution of MB in a quartz cell. Afterward, 400 μL equipped host and (1, 3, and 5 wt%) GO-doped CaO QDs were added to the quartz cell. The integration of NaBH4 and prepared NCs in MB solution improves the de-colorizations of the dye. The progress of degradation was monitored through a UV-vis spectrophotometer between 200 and 800 nm after a regular time interval. Specimens free of NCs had been called blank. The removal capability (%) was computed as follows: 
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where Co refers to the initial absorbance and Ct represents the time-varying MB concentration.
2.5 Isolation and identification of MDR E. coli
2.5.1 Sample collection
From preferred milch cows sold at various markets and livestock amenities in Pakistan, bovine milk specimens were acquired through direct milking in sterile vitreous. After being collected at 4 °C, raw milk was instantly delivered to laboratories. On MacConkey agar, coliforms found in raw milk were counted, and all dishes were incubated at 37 °C for 48 h.
2.5.2 Recognition and characterization of bacterial isolates
According to Bergey’s Manual of Determinative Bacteriology, the initial recognition of E. coli was centered on colony morphology by Gram staining and various biochemical tests (Haider et al., 2020a).
2.5.3 Antibiotic susceptibility
Mueller–Hinton agar (MHA) was used for the disk diffusion method to perform the antibiotic susceptibility test (Haider et al., 2020b). The test was conducted to find out whether E. coli was resistant to the successive antibiotics: azithromycin (Azm) 15 µg (macrolides), imipenem (Imi) 10 µg (carbapenem), ceftriaxone (Cro) 30 µg (cephalosporins), tetracycline (Te) 30 µg (tetracyclines), ciprofloxacin (Cip) 5 µg (quinolones), amoxicillin (A) 30 μg (penicillin), and gentamicin (Gm) 10 µg (aminoglycosides) (Adzitey et al., 2022). Standard colonies were cultured and balanced to 0.5 McFarland turbidity. After that, it was cultivated on MHA (Oxoid Limited, Basingstoke, United Kingdom), and antibiotic disks were positioned far enough away from the inoculation plate to prevent the overlap of the inhibition zone. Following the Clinical and Laboratory Standard Institute’s interpretation of the data, Petri dishes were incubated at 37 °C overnight (NCCLS, 2007).
2.5.4 Antimicrobial activity
The bactericidal effect has modified a condition where an active ingredient alters the activeness of microorganisms. Antimicrobial competence of GO-doped CaO was assessed by employing the well diffusion methodology with Gram staining after swabbing 1.5 × 108 CFU·mL−1 Gram-negative (G–ve) on MA distinctively. Furthermore, DIW (50 μL) and ciprofloxacin (0.005 mg/50 μL) were allocated as negative and positive roles, respectively. With the assistance of a micropipette and sanitized borer, various concentrations of CaO and GO (1, 3, and 5%)-doped CaO have been inoculated into wells of 6 mm diameter at low (0.5 mg/50 μL) and high (1.0 mg/50 μL) doses. Utilizing the Vernier calliper, inhibitory areas were measured in millimeters (mm) to assess the antibacterial efficiency after incubating loaded Petri dishes overnight.
2.5.5 Statistical analysis
Statistical analysis of the inhibitory zone diameters was determined utilizing SPSS 20 one-way analysis of variance (ANOVA). The inhibitory zone (mm) size was used to calculate the antibacterial efficacy (Haider et al., 2020b).
2.6 Characterizations of prepared specimens
High-resolution transmission electron microscopy HR-TEM, JEM2100F, JEOL, Japan, and FESEM (JSM-6460LV) combined with the EDX spectrometer has been utilized to assess the morphology, interlayer d-spacing, and elemental analysis, respectively, of prepared doped CaO. The A PerkinElmer 3100 FTIR spectrometer was used to attain the infrared spectra of the as-prepared samples. The crystallographic nature of CaO and GO-doped CaO was verified using a PAN analytical X’pert PRO powder diffractometer using monochromatic Cu-Kα radiation (λ ∼ 0.0154 nm) ranging 2θ (20°–60°). A JASCO FP-8300 instrument was carried out on synthesized samples to perform PL spectrophotometry. The electronic spectroscopy LABDeX with a range of 200–600 nm was employed to investigate the optical characteristics of the samples.
3 RESULTS AND DISCUSSION
The prepared GO with different concentrations (1, 3, and 5 wt%) was doped in synthesized CaO quantum dots using economic and low-temperature co-precipitation techniques, as shown in Figure 1.
Synthesized QDs were analyzed using XRD to obtain details regarding phase purity, crystallite size, and crystallographic planes in the 2θ (20°–60°) range. The XRD patterns of the synthesized product with different concentrations of GO are shown in Figure 2A. The characteristics peaks sited at 2θ values of 31.5, 39.5, 47.5, and 56.6° analogous to indexed diffraction (114), (200), (202), and (410), supporting the existence of CaO cubic structure authenticated by (ICDD Card No.00-017-0912, JCPDS File No. 37-1497) (Ikram et al., 2022a). Flexing of the Bragg peak revealed at 22.9° (101), 35.5° (110), and 43.0° (211) confirmed CaO2 exhibiting tetragonal crystalline geometry validated with (JCPDS Card Nos. 01-085-0514, 00-003-0865). The minor peaks at 29.3°, 45.4°, and 48.5° were identified as (300), (410), and 11 [image: image] crystal planes, CaO appreciating as CaCO3 ascertained to this band collection and synchronized with (JCPDS Card No. 083-1923, JCPDS Card No.00-047-1743). The absenteeism of the GO peak in the GO-doped CaO QDs certifies the CaO preferential orientation was unaltered by the addition of GO, resulted in the destruction of the GO normal layer-stacking, and might be the result of a small quantity of GO and reduced diffraction intensity (Liu et al., 2012; Liu et al., 2013). It was perceived that the Bragg peak intensity reduced as the dopant percentage increased (5 wt%), affirming the little loss in crystallinity attributed to lattice disfigurement (Pradeev raj et al., 2018). Peak sharpness was substantial at lower percentages (1 and 3 wt%) of GO contents that preferred CaO QDs are adequately anchored with GO (Munawar et al., 2022).
[image: Figure 2]FIGURE 2 | (A) XRD pattern. (B) FTIR spectra. (C–F) SAED images of pristine CaO and (1, 3, and 5 wt%) GO-doped QDs.
Chemisorbed species, elemental constituents, and functional group assessment in the product molecules were manifested by non-destructive FTIR analysis. Corresponding spectra were ascertained in the frequency range 400–4000 cm−1, as elaborated in Figure 2B. The broadband centering at 3300–3500 cm−1 can be associated with stretching the absorbed hydroxyl group (Raza et al., 2015). The sharp transmittance band at 1400 cm−1 exposes the C–O bond assigned to the carbonation of CaO QDs; this carbonation might be attributed to CO2 in the atmosphere (Rojas et al., 2014; Ikram et al., 2022a). Peak flexing at ∼ 1183 ascribed the (C–OH) starching (Oppong et al., 2017). The transmittance peak found at ∼ 437 cm−1 related to the (C–H) stretching and at 540 cm−1 specified the Ca–O bond, certifying the formation of CaO QDs, as illustrated in Supplementary Figure S4 (Tangboriboon et al., 2012; Nano and Characterization, 2014). GO doping led to the shifting of transmittance band, as demonstrated in the inset of Figure 2. It has been documented that variations in shape, size, and local defects of NPs are responsible for the alteration noticed in the position and width of FTIR peaks (Saleh et al., 2016).
Following SAED analysis, attained concentric rings of CaO and GO-doped CaO elaborate the phase purity and crystalline nature depicted in Figures 2C–F. These rings were identified as reflection planes correlated with XRD measurements, proposing the cubic phase and poly-crystallinity of QDs.
Optical transition and details regarding the band structure and band shifting of QDs were extracted from electronic spectroscopy (Figure 3A). From the figure, CaO exhibited an absorbance band around 260–310 nm (Ramola and Joshi, 2019) with a considerable absorption edge at 286 nm credited to the transfer of electrons from Ca 4s into the 2p orbit of O, leading to the production of Ca2+ and O2− ions and might be attributed to π–π* transition of C=C bonds (Skrabania et al., 2011; Jaiswal et al., 2021; Nguyen et al., 2021). The pristine GO presented a strong absorption in the range 250–280 nm with λmax 265 nm manifested to the π–π* transition of C–C bonds, revealing the substantial conjugated structure of sp2 carbons had been restored (Kumar et al., 2019). The addition of GO caused the shifting of the CaO absorbance band toward a longer wavelength (red-shift), manifested in the morphologic features containing a variety of active sub-levels; it could be the quantum confinement effect. Band gap energy (Eg) of NCs was evaluated by the Tauc plot, as shown in Eq. 2.
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where α, Eg, ν, and D represent the absorption coefficient, band gap, frequency of light, and constant sequentially, respectively, and n = 2 allow the indirect transition. The Tauc plot displayed the Eg of CaO and bare GO was 4.2 and 2.7 eV on the basis of extrapolating the linear part of curve to abscissa axis (hν) (Hidayah et al., 2017; Osuntokun et al., 2018), while the addition of GO (1, 3, and 5 wt%) to CaO showed a gradual decrease in the band gap energy 4.17, 4.11, and 4.07 eV, respectively (Figure 3B). By eliminating the Burstein–Moss effect, GO actually helped narrow Eg and caused the red absorption shifting (Nguyen-Phan et al., 2011; Li et al., 2012). The incorporation of GO decreases Eg by affecting the width of the CB and VB region with the development of multiple energy levels throughout the band gap (Karyaoui et al., 2021).
[image: Figure 3]FIGURE 3 | (A) Electronic spectra (inset graph); (B) Eg plot of CaO, bare GO, and (1, 3, and 5 wt%) GO-doped CaO; (C) emission spectra; and (D) Raman spectra of the host and (1, 3, and 5 wt%) GO-doped QDs.
The prepared samples were examined through PL spectra ranging from 200 to 800 nm with an excitation wavelength of 274 nm (Figure 3C). CaO QDs delivered UV emission at ∼277 nm (Sinha et al., 2020), attributed to irradiative recombination of excitons. Near band edge emission (NBE) is responsible for the UV emission band. UV emission is assigned to the free recombination of photo-induced e− inside CB and h+ in VB (Panigrahy et al., 2009). The recombination rate of excitons and the PL emission intensity are both directly related. The graph illustrates that PL intensity for CaO and 1% GO-doped CaO was quite similar, but 3% GO-doped CaO exhibited highest emission intensity. This trend suggests an enhancement in the e−/h+ recombination ratio in singly ionized oxygen vacancy (Ramya et al., 2016). It is noteworthy that emission intensity decreased with a favorable GO amount (5% GO-doped CaO) that can be assigned to the transportation of e− from high energy levels to newly induced states (Ikram et al., 2021a). A drop in emission peak intensity occurred upon incorporating a high dopant concentration, indicating that the dopant reduced the recombination rate by effective charge separation (Zhu et al., 2004; Sood et al., 2015). According to PL outcomes, the GO decorated to CaO restricts the recombination of charge carriers through trapping of excited e−s that are present in CB of CaO and resulting in the enhancement of light-harvesting capability (Katsukis et al., 2012). Moreover, PL peaks upon doping of GO shifted toward a higher wavelength relative to pure; it might be the consequence of interactions between CaO and the carbonyl functional group of GO (Tahir et al., 2022). This shifting leads to a reduction in Eg, consistent with absorption spectra.
Raman spectroscopy is the most versatile technique to investigate the inclusion of dopant, crystallographic structure, and lattice flaws in the pristine lattice structure. The observed Raman spectra of synthesized samples are represented in Figure 3D; the associated bands found around 157, 280, 713, and ∼1092 cm−1 confirmed the function of CaO contents. The peak at ∼ 1092 cm−1 has been designated to be the Ca(OH)2 compound (Yang et al., 2009). The peak at 713 cm−1 is attributed to the antisymmetric stretching and plane-bending modes of carbonate ions (Smirnov et al., 2017). The peak flexing around 157 and 280 cm−1 can be assigned to the lattice vibration region (Nguyen et al., 2021). A blue shift occurred in Raman peaks upon doping, suggesting oxygen vacancy (Vo), distortion, and surface-associated flaws. This shifting is also manifested in phonon dispersion (Munawar et al., 2022).
EDS analysis of GO-doped QDs, illustrated in Supplementary Figure S1A, showed the observed elements (Ca, O, and Cl) appeared uniformly scattered across the sample proportion with varying elemental concentrations indicated via distinctive coloring (Supplementary Figure S1B–D). The obtained EDS spectra depicted two intense peaks of Ca and O, showing the existence of Ca and O. Additionally, the Cl peak appeared due to the precursor utilized during the synthesis process of QDs. At 3.6 keV, a Ca peak emerged, and at 0.5 keV, the O peak was expressed.
TEM and HR-TEM analyses elucidated the topography of dopant-free and doped CaO. Figure 4A unveiled the agglomeration of the non-uniform formation of CaO QDs possessing an average calculated particle size of 9.786 nm. This agglomeration of QDs could be evident from the H-bonding of the solvent (DI water). GO (1%) was incorporated into CaO (Figure 4B), exhibiting the agglomerated overlapping of nanosheets with QDs accountable for nucleation growth. It was noted that with a higher concentration of GO (3%), QDs covered with a nanosheet exist in the coagulated form (Figure 4C). Figure 4D represented an aggregation upon the higher concentration of GO into QDs. Lattice fringes to be 0.22, 0.20, 0.18, and 0.19 nm for host and (1, 3, and 5 wt%) GO-doped QDs rendered through HR-TEM (Supplementary Figure S2A–D), which are compatible with XRD. TEM depicted that the GO sheet overlapped with QDs and matched well with HR-TEM as interlayer d-spacing decreased with the addition of GO.
[image: Figure 4]FIGURE 4 | TEM images of (A) CaO and (B–D) GO-doped CaO at 1, 3, and 5 wt%, respectively.
The de-colorization of the dye was evaluated during CA when an electron was transferred from the oxidizing agent (MB) to the reducing agent (NaBH4), stimulating an oxidation–reduction reaction (Supplementary Figure S3). However, the degradation of dye was time-consuming when MB was examined only in the presence of NaBH4. To overwhelm this difficulty, pure and GO-doped CaO QDs were introduced in the redox reaction to operate as an electron relay and enable electron shifting from BH4− to accepter MB. CA is significantly influenced by the surface area of the catalyst, crystallite size, and shape.
CA of pristine and doped-CaO was examined via UV-vis spectroscopy, as illustrated in Figures 5A–C. The pH of the solution was retained before adding NaBH4 at 3 and 12 for acidic and basic MB by incorporating H2SO4 and NaOH, respectively. Host and (1, 3, and 5%) GO-doped CaO expressed the degradation in the acidic medium (pH = 4) 91.29, 98.51, 98.59, and 99.61%; in the basic medium (pH = 12) 95.12, 96.04, 97.26, and 97.76%; and in the neutral medium (pH = 7) 78.70, 78.70, 80.12, and 83.92% in 10 min, respectively. The results showed that the pH level of the solution reaction was an important factor in dye degradation. The significant degradation was observed upon doping of GO into QDs ascribed to the synergetic interaction between GO and CaO. The activity of GO-doped CaO was enhanced and manifested to the strong π–π conjugation with the chromophore group of the dye, high capacity for absorption of the dye, and lower e−/h+ recombination. These characteristics suggested that GO-doped CaO QDs played a vital role in the de-colorization of MB (Sreekanth et al., 2016). CA is affected by the nanocatalyst surface area, crystallite size, and shape. Generally, catalysts with a large surface area show higher catalytic efficiency as they offer more active sites. Moreover, the surface is usually large, but the impact of NCs is restricted because of microporosity, preventing reagents from diffusion to the active sites (Ikram et al., 2021b). The highest degradation was observed in an acidic medium, attributed to increased production of H+ ions accessible for desorption on the NC surface (Ikram et al., 2021c). As previously reported, the dye degradation rate of certain azo dyes tends to increase as pH decreases (Alkaim et al., 2014). MB is a cationic dye and shows better efficiency in the basic environment, attributed to strong electrostatic interactions between a negative catalyst charge and a dye (Meshkatalsadat et al., 2022). The results demonstrate that the removal efficacy of MB was relatively high in both basic and acidic media rather than in neutral medium ascribed to repulsion forces (Amanulla et al., 2022).
[image: Figure 5]FIGURE 5 | Catalytic activity of pristine and (1%, 3%, and 5%) GO-doped CaO in (A) acidic, (B) basic, and (C) neutral media.
The repeatability of CA is significant since they enable industrial wastewater remediation for the maximum turns conceivable. The reusability of CaO and (1%, 3%, and 5%) GO-doped CaO QDs was tested through the recycling experiment (Figure 6). The NCs were separated from the reaction mixture, washed, and dried before each new cycle, while the other reaction conditions remain unchanged. After five turns, the reused catalysts presented a slight drop in the de-colorization rate of MB in terms of percentage. Catalysts are stable and can be reused for up to five turns. This demonstrates that the catalytic activity of reused catalysts provides reproducible dye degradation results. The production of by-products and their aggregation on the active sites of the catalysts may explain the reduction in de-colorization percentages between cycles.
[image: Figure 6]FIGURE 6 | Reusability for five cycles of degradation of the MB dye via CaO and (1, 3, and 5 wt%) GO-doped CaO.
In vitro microbicidal efficiency of prepared products was monitored from inhibition ranges (mm), adopting a well diffusion assay regarding E. coli. The inhibition zone was reported from (1.90–5.85) to (2.25–7.10) in E. coli at minimal and maximal doses, respectively. Table 1 disclosed promised antibacterial competence; furthermore, GO-doped QDs demonstrated considerable bacterial vulnerability relative to CaO. The credible justification for supreme bactericidal presentation with more percentage doping of GO is that GO produced oxidative stress on the biofilm and owned additional reactive groups, which might interact with the cell surface causing cell apoptosis (Sharma et al., 2020).
TABLE 1 | Antibacterial activity of undoped and (1%, 3%, and 5%) GO-doped QDs.
[image: Table 1]It could be inferred that the synergetic outcomes of CaO QDs depended upon the interaction between the host specimen and bacterial cell wall. The enhancement in percentage effectiveness against G-ve is inversely related to the NP size (Fan et al., 2021) as size plays a key role in the generation of ROS. CaO QDs possessed a large surface area to volume ratio that not only helped increase reactive oxygen species (ROS) formation but also gave adequate adhesion with microbiological constituents (Gedda et al., 2015). Productions of more ROS by small-sized QDs insert microorganism membrane devastation, and ultimately, cytoplasmic organelles encourage bacterial death (Fang et al., 2015; Qumar et al., 2020). Anionic microorganism membrane elements interact with sufficient Ca+2 responsible for superior bactericidal morality (Fang et al., 2015), as in Figure 7.
[image: Figure 7]FIGURE 7 | Schematic representation of mechanism for antimicrobial activity of the prepared GO-doped CaO.
To gain a thorough understanding of the absorption behavior of the MB on GO—CaO composite, the structural relaxation calculations were performed with density functional theory (DFT) calculations using the QuantumATK package (Smidstrup et al., 2020) within the Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1996) formulation for the exchange–correlation energy functional. The DFT-D2 method of Grimme (2006) was applied to describe the long-range van der Waals forces between the CaO surface and graphene, and the MB and GO–CaO surface composite. Pseudo Dojo’s (van Setten et al., 2018) norm-conserving pseudopotentials along with the corresponding linear combination of atomic orbital (LCAO) basis set of “medium” accuracy were used with a mesh cutoff energy of 125 Ha. Geometry optimization is performed using the LBFGS (limited-memory Broyden–Fletcher–Goldfarb–Shanno) optimizer with a force tolerance of 0.01 eV/Å. The Monkhorst–Pack method was used to sample the k-points of 4 × 4 × 1 within a first Brillouin zone. The calculated lattice parameter of bulk cubic CaO is a = 4.839 Å, which is consistent with the experimental values (a = 4.8105 Å) (Mammone et al., 1981). The CaO (001) surface was modeled using a repeated slab model structure composed of a 3 × 3 surface unit cell. We used a significant vacuum height of 25 Å to exclude the interaction between adjacent slabs. The most stable surface, CaO (001), was considered the model for calculating MB adsorption (Orazi et al., 2020; Ikram et al., 2022b). as shown in Figure 8. The adsorption energy of the MB on GO–CaO composite is calculated from the expression (Hassan et al., 2021; Ikram et al., 2022b), where EMB+composite, Ecomposite, and EMBN are the total energies of the MB adsorbed on the GO–CaO composite, GO–CaO complexes, and the isolated gas molecule, respectively. The calculated Eads value is found to be −4.66 eV, confirming an exothermic adsorption energy and strong interaction between MB and the GO–CaO composite. For comparison, the Eads of GO on CaO (001) was computed and equal to −2.94 eV.
[image: Figure 8]FIGURE 8 | Schematic representation of the adsorption structure of the MB dye on the GO–CaO (001) complex system (Red, O; blue, Ca; brown, C; blue, N; yellow, S; gray, H).
4 CONCLUSION
Herein, pristine and (1, 3, and 5 wt%) GO-doped QDs were prepared by a simple co-precipitation technique to obtain an enhanced CA and antibacterial potential. According to XRD results, CaO, CaO2, and CaCO3 possessed FCC structures and were found to be crystalline in nature. FTIR unveiled characteristic peaks at 540 cm−1 corresponding to the CaO; EDS spectra confirmed the presence of dopants and CaO. A red shift was noticed with GO, resulting in a decrease of Eg from 4.2 to 4.07 eV. TEM analysis disclosed the non-uniform QDs morphology of CaO with an average particle size of 9.786 nm, and agglomeration increased with an increasing amount of the dopant. Interlayer d-spacing was computed as 0.22, 0.20, 0.18, and 0.19 nm from HR-TEM analysis. The PL study verified that a high dopant ratio suppressed the e−/h+ recombination that transpires to boost the catalytic activity. In view of the experimental findings, GO addition in CaO with 3 and 5 wt% presented the highest catalytic activity in an acidic medium, 98.59% and 99.61%. Overall, a higher concentration of GO showed significant microbicidal activity with zone diameters of 7.10 mm and 2.25 mm at a maximum dosage against the G-ve pathogen.
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